The aim of the three psychoacoustic experiments described here was to clarify whether there are speaker individualities in the spectral envelopes, in which frequency bands such individualities exist, and how frequency bands having speaker individualities can be manipulated.
INTRODUCTION
One of the problems in making a speech recognition system is to cope with speaker individualities, and even the latest systems have difficulties in accurately recognizing phonemes with speaker individualities. People, however, use speaker individualities to recognize speech; they adapt their cognitive systems to the voices of various speakers and perceive phonemes correctly. Modeling this process would facilitate the development of an advanced speaker-independent speech recognition system. Present synthesized speech, on the other hand, is not very natural and is therefore not easy to listen to. The addition of speaker individualities would make synthesized speech more natural and easier to listen.
If we are to improve speech recognition accuracy and the articulation of speech synthesizers, we need manipulate speaker individualities, and to do this we need to specify some physical characteristics related to those individualities. In this paper we assume that the physical characteristics people use to identify speakers are significant physical characteristics representing speaker individualities, and we use psychoacoustical experiments to estimate some of those characteristics in vowels. Specifically, we investigate frequency bands in the spectral envelopes of vowel sounds. Itoh and Saito1) and Kuwabara and Ohgushi2) have reported that there are speaker individualities in spectral envelopes, and Furui and Akagi3) have shown that these individualities are mainly in the frequency band between 2.5 and 3.5 kHz. These studies, however, have not identified specific frequency bands contains speaker individualities. Nor has the relationship between speaker identification and spectral envelope variations in the frequency band between 2.5 and 3.5 kHz been investigated in psychoacoustic experiments. This is because the LPC analysis-synthesis systems that have been used for manipulating spectral envelopes cannot handle specific frequency bands of the spectral envelopes.1,2) The study described here used the log magnitude approximation(LMA)analysis-synthesis system4,5) which can handle specific frequency bands of the spectral envelopes.
The relationship between physical characteristics and the speaker identification rates was studied by using stimuli in which several types of physical characteristics were varied. Experiment 1 shows the existence of speaker individualities in the spectral envelopes, Experiment 2 identifies the specific frequency bands in which these individualities exist, and Experiment 3 shows how these bands can be manipulated. When uttering vowels, the speakers were forced to tune the pitch of their voices to the same height as that of the 120-Hz pure tone in order to avoid the influence of pitch frequency on the speaker identification tests. The stimuli include several varied types of physical characteristics resynthesized from FFT cepstral data of the original speech waves by the LMA analysis-synthesis system.
In the experiment, the following five types of stimuli were used:
(1) where x(n)is the original speech wave and x'(n) is speech wave with fixed power. The pitch contour for the waves in stimuli 1c, 1d and 1e is shown in Fig. 1 . It simulates the pitch contour of the original speech wave. The tilt of the spectral envelopes of le was fixed for each vowel by substituting the averaged first and second FFT cepstra of each vowel for these of the original speech wave. The LMA filter with 60 FFT cepstra was used to synthesize the stimuli, and the duration of each stimuli was approximately 500 ms. Subjects. The eight listeners(seven males and one female)serving as subjects in Experiment 1 and Experiment 2 were graduate students who were very familiar with speaker voice characteristics. All were native speakers of Japanese and had no known hearing impairments. Procedure. The stimuli were presented through binaural earphones at a comfortable loudness level in a soundproof room(27.7 dB(A)).Each was presented to the subjects three times randomly at intervals of 5.0 s. The task was to identify vowels and speakers, and when the subjects could not identify speakers or vowels they responded with "X ." Speaker identification rates and vowel identification rates for the stimuli were averaged across subjects. This experimental procedure is also used in Experiment 2 and Experiment 3.
Results and Discussion
The speaker identification rates and the vowel identification rates for Experiment 1 are shown in 2. There are speaker individualities in the spectral envelope(The speaker identification rate of ld is 74.17%).
3. There are no speaker individualities in the spectral envelope sequence or the tilt of the spectral envelopes(F(1, 14)=0.15 between 1c and 1d, F(1, 14)=2.56 between 1d and 1e).
EXPERIMENT 2 3.1 Analysis of Spectral Envelopes
To identify the frequency bands containing speaker individualities in the spectral envelope, we calculated the variance for the five vowel spectral envelopes of ten male speakers from the ATR speech databases.6) The spectral envelopes were smoothed with 60 FFT cepstra and the frequency axis was converted into the ERB rate.7) 
Experiment
The results of the analyses in Sec. 60 FFT cepstra were used to make these envelopes. 2d. speech waves varied by Method 2 above 22 ERB rate.
Results and discussion
The speaker identification rates and the vowel identification rates for Experiment 2 are shown in Fig. 5 , and they suggest the following four conclusions.
1. The spectral local maximum is regarded as the third formant, F3, which Kuwabara and Ohgushi2) have suggested is the most important factor for identifying speakers. We thus designed the third experiment to investigate whether the spectral local maximum around 23 ERB rate is significant for identifying speakers and whether speaker individualities can be controlled by manipulating spectral envelopes.
Method
Stimuli. The steps for making the stimuli were as follows. Three male native Japanese speakers recorded five vowels under the same conditions as in Experiment 1, but these speakers were different from those of Experiments 1 and 2. Let Eijk(n)be the kth frame spectral envelope of the jth vowel uttered by the ith speaker for an ERB rate n. Eijk(n) is averaged with respect to k:
And Eij(n)is averaged with respect to i:
The higher frequency band of Ej(n)is replaced by that of Eij(n). The replace points are the adjacent local minima(a)below and(b)above the spectral local maximum around 23 ERB rate(see Fig. 6 ). The local maximum was chosen by hand. The stimuli were synthesized from the spectral envelopes by using the LMA analysis-synthesis system, and the duration of each stimulus was approximately Fig. 6 The higher frequency band of Ej was replaced by that of Eij. The replace points were the adjacent local minima (a)blow and(b)above the spectral local maximum around 23 ERB rate. 500 ms. The types of stimuli were as follows 3a. original speech waves, 3b. LMA analyzed-synthesized speech waves, 3c. speech waves with randomized frame sequence and fixed power and pitch contour, 3d. speech waves with replaced higher frequency spectral envelopes. The replace point was the adjacent local minimum below the spectral local maximum and 3e. speech waves with replaced higher frequency spectral envelopes. The replace point was the adjacent local minimum above the spectral local maximum. Subjects. The nine male listeners serving as subjects in this experiment were graduate students who were very familiar with speaker voice characteristics. All subjects were native speakers of Japanese and had no known hearing impairments.
Results and Discussion
The vowel identification rates are above 99% for all stimuli and there are no significant differences in the vowel identification rates for each stimulus (F(4, 40)=0.60, F(4, 40; 0.05)=2.61). This indicates that these experimental manipulations of the spectral envelopes do not influence vowel identification.
The speaker identification rates for Experiment 3 are shown in Fig. 7 3d for /u/, F(1, 16)=3.45 between 3d and 3e for /u/). These results indicate that the spectral local maximum around 23 ERB rate is significant for voice quality control. Speaker individualities can thus be controlled without influencing vowel identification by replacing the higher frequency band in which speaker individualities exist. 2. For /i/ there are significant differences in the speaker identification rates between 3c and 3d (F(1, 16)=13.51), and none between 3d and 3e for /i/(F(1, 16)=0.03). One possible reason for low speaker identification rate of 3d is that the spectral local maximum around 23 ERB rate is not significant for voice quality control for /i/. Another possibility is that the speaker individualities of /i/ exist in the pitch contour and the whole spectral envelopes because of the significant differences between 3b and 3c only for /i/(F(1, 16) =5.24). 3. For /e/ there are significant differences in the speaker identification rates between 3c and 3d(F(1, 16)=43.40)and there are none between 3d and 3e(F(1, 16)=0.15). This shows that the local maximum is not significant for voice quality control. From another viewpoint, it shows that averaging the lower frequency band reduces the accuracy of speaker identification. Thus, speaker individualities of /e/ may be mainly in the lower frequency band. There is other evidence supporting this conclusion: the speaker identification rate for /e/ of 2c in Experiment 2 is 46.6% and the mean rate of other phonemes is 32.4%. This shows that the effect of the higher frequency band distortion is less for /e/ than for other phonemes.
Note that F(1, 16; 0.05)is 4.49.
GENERAL DISCUSSION
These three experiments show that speaker individualities in the spectral envelopes are mainly above 22 ERB rate and that, under these experimental conditions, they can be controlled without influencing vowel identification by manipulating the frequency band higher than around 23 ERB rate. These results show that people identify speakers of vowels mainly by using the higher frequency band in the spectral envelopes. 
